FEAT, the protein encoded by methyltransferase-like 13 (METTL13), is aberrantly upregulated in most human cancers and potently drives tumorigenesis in vivo; however, its role in normal tissues remains elusive. Immunoblotting has displayed weak FEAT expression in normal human tissues, including the testis. Here, we found that 
| INTRODUCTION
Cancers develop from the dysregulation of genes involved in normal development and tissue homeostasis (Garraway & Lander, 2013; Hanahan & Weinberg, 2011; Vogelstein et al., 2013) . We have previously found that faint expression in normal tissues, aberrant overexpression in tumors (FEAT), the protein encoded by methyltransferase-like 13 (METTL13), potently drives tumorigenesis in transgenic mice (Takahashi et al., 2011) . FEAT is aberrantly upregulated in most human cancers including colorectal, pancreatic, prostate, breast, ovary, thyroid, and non-small-cell lung cancers. In breast cancers, FEAT expression correlates with tumor size, progesterone receptor status, HER2 expression, Ki67 index, molecular subtype, and recurrence (Wang, Ye, Zhou, Ni, & Wei, 2017) . Moreover, miR-16 suppresses tumorigenesis by targeting FEAT (Liang et al., 2015) . Thus, FEAT plays a pivotal role in oncogenesis;
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however, its functions in normal tissues have remained enigmatic.
Immunogold electron microscopy has shown that FEAT localizes to the cytosol, mitochondria, and nuclei of HeLa and mouse embryonic stem cells (Li et al., 2016) . FEAT contains two S-adenosylmethionine-binding motifs characteristic of methyltransferases (Takahashi et al., 2011) . The N-terminal and C-terminal domains methylate Lys55 and N-terminus of eukaryotic elongation factor 1 alpha (eEF1A), respectively (Jakobsson et al., 2018) . Although FEAT has moderate anti-apoptotic activity (Takahashi et al., 2011) , the molecular mechanism is unclear. Gene expression profiling of METTL13-overexpressing NIH3T3 cells suggested that FEAT drives receptor tyrosine kinase and hedgehog signaling (Takahashi et al., 2011) . FEAT overexpression in bladder cancer cells induces cell cycle arrest at the G1/S phase and inhibits migration and invasion (Zhang et al., 2016) . A missense mutation in the METTL13 gene (R544Q) functions as a modifier to prevent deafness caused by a mutation in the GAB1 gene (G116E; Yousaf et al., 2018) . Overall, mechanistic data regarding the cellular effects of FEAT expression are limited.
Immunoblotting studies of normal tissues have shown weak FEAT expression only in the testis, brain, and liver. Based on this limited tissue distribution, we have explored the possibility of applying FEAT expression to early diagnostics, immunotherapy, and secondary cancer prevention strategies. Immunoprecipitation and a sandwich enzymelinked immunosorbent assay (ELISA) detected FEAT protein in the plasma of cancer patients (Li et al., 2016) . Such an effort to exploit FEAT for cancer detection could be confounded by physiological and pathological processes in the testis. Therefore, it is critical to determine which cell type(s) express FEAT in the testis. In mice, FEAT induced immune responses without causing behavioral changes or abnormal biochemical/microscopic hepatic changes (Li et al., 2016) . However, it is imperative to understand the normal roles of FEAT in the testis to predict possible immunotherapy side effects.
To 
| RESULTS

| FEAT is expressed in testicular Leydig cells
To define which testis cell type expressed FEAT, we carried out IHC staining of tissue arrays. FEAT protein was detected in Leydig cells of human testis (Figure 1a ). IF staining of fetal ( Figure 1b ) and adult ( Figure 1c ) mouse testis showed that FEAT co-localized with Ad4BP/SF-1 (arrows; Honda et al., 1993; Parker & Schimmer, 1997) , a marker of steroid-producing cells . FEAT was also detected in some Ad4BP/SF-1-negative peripheral cells in seminiferous tubules, likely undifferentiated male germ cells (Figure 1b Figure S1a ). RNA interference studies were carried out using three commercially available siRNAs (s89701, s89702, and s89703), among which siRNA s89702 was able to knockdown FEAT in MA-10 cells (Supporting information Figure  S1b , lower panels). MA-10 cells were thus used for further studies to investigate FEAT activity in Leydig cells. FEAT was primarily cytoplasmic in MA-10 cells (Supporting information Figure S1c ).
| FEAT knockdown does not affect
MA-10 cell viability
As FEAT was originally identified as an anti-apoptotic protein (Takahashi et al., 2011) , we tested whether FEAT knockdown reduced the viability of MA-10 cells. Neither loss of mitochondrial depolarization nor increase in active caspases were observed by fluorescence microscopy using MitoTracker Red CMXRos, which accumulates in mitochondria dependent on inner membrane potential, and fluorochrome-labeled inhibitors of caspases (FLICA), which binds to activated caspases (Supporting information Figure S2a ). Flow cytometric analyses using annexin V and propidium iodide also showed no decrease in viability following FEAT knockdown (Supporting information Figure S2b ). These results showed that FEAT does not regulate MA-10 cell survival.
| FEAT regulates primary ciliogenesis in
MA-10 cells
Co-immunoprecipitation experiments using HeLa cervical carcinoma cells showed that FEAT interacted with Ezrin, Rab8a, and Septin 2 (Supporting information Figure S3a) . Ezrin, Rab8a, and Septin 2 mRNAs have been detected in fetal and adult Leydig cells (Miyabayashi et al., 2017) . We thus examined whether those proteins interacted with FEAT in MA-10 cells using the proximity ligation assay (PLA; Weibrecht et al., 2010) , which gives a signal when two proteins co-localize and interact to form a protein complex. PLA showed co-localization and interaction of FEAT with Ezrin, Rab8a, and Septin 2 (Supporting information Figure S3b ), indicating that these proteins interact with FEAT in MA-10 cells.
Rab8a (Yoshimura, Egerer, Fuchs, Haas, & Barr, 2007) and Septin 2 (Hu et al., 2010) are essential for primary cilia formation. Ezrin is required for the apical docking of basal bodies in zebrafish renal epithelia (Xu et al., 2017) and mediates basal body docking during ciliogenesis in multiciliated cells (Epting et al., 2015) . FEAT knockdown in human cell lines increased the percentage of ciliated cells in some cell types (Yan Li and Atsushi Takahashi, unpublished observations). Immature Leydig cells in the adult testis have been shown to produce primary cilia (Nygaard, Almstrup, Lindbaek, Christensen & Svingen, 2015) . We thus examined whether FEAT regulated primary cilia formation in MA-10 cells.
MA-10 cells were transfected with siRNA against FEAT and serum-starved for 24 hr to induce primary cilia formation. IF staining for Arl13b, an Arf/Arl family small GTPase with primary cilia localization (Humbert et al., 2012) , showed that FEAT knockdown increased the fraction of ciliated cells (Figure 2a, b) . In contrast to human fibroblasts (Grampa et al., 2016) , phosphorylated Yes-associated protein (p-Yap) was detected in only half of cilia in MA-10 cells. Although the stability of Ezrin, Septin 2, and Rab8a was not affected by FEAT knockdown (Supporting information Figure S1b ), FEAT might change the functions of these binding proteins. These results suggested that FEAT regulates primary cilia formation, possibly through Rab8a, Septin 2, and Ezrin.
| FEAT depletion activates AMPK
We next evaluated the effects of inducing primary cilia in MA-10 cells. A recent study showed that the tumor suppressor LKB1 localizes to cilia and phosphorylates AMPK (Hardie, Ross, & Hawley, 2012; Herzig & Shaw, 2018) , which is localized at the basal body, to regulate mechanistic target of rapamycin complex 1 (mTORC1) activity and cell size (Boehlke et al., 2010) . We thus knocked down FEAT in MA-10 cells, treated the cells with or without AMPK activator AICAR and/or AMPK inhibitor dorsomorphin, and analyzed phosphorylated (p)-AMPK by IF staining and immunoblotting. IF showed that p-AMPK was localized to the primary cilium and cytoplasm ( Figure 3a ). Ciliated cells showed higher cytoplasmic p-AMPK levels ( Figure 3a , arrows), and FEAT depletion increased AICAR-stimulated p-AMPK (Figure 3a ,b). These results suggested that primary cilia induction following FEAT knockdown leads to AMPK activation in the cilia, which later spreads to the cytosol.
| FEAT knockdown does not affect autophagy
Recent studies have shown that primary cilia enhance autophagy through hedgehog signaling (Pampliega et al., 2013) . AMPK induces autophagy by directly phosphorylating Unc-51-like kinase 1 (Ulk1) and indirectly by inactivating mTORC1, which is a negative regulator of autophagy (Herzig & Shaw, 2018) . Thus, we examined whether enhanced AMPK signaling and primary cilia formation following FEAT knockdown enhanced autophagy. Immunoblotting MA-10 cells treated with or without rapamycin for 16 hr showed no increase in the cleavages of LC3A-I to LC3A-II, a common characteristic of autophagy (Mizushima, Yoshimori, & Levine, 2010) , following FEAT depletion (Supporting information Figure S4 ). This suggested that FEAT does not regulate autophagy in MA-10 cells.
| AMPK suppresses INSL3 expression
We further explored the consequences of AMPK activation in FEAT-silenced MA-10 Leydig cells. Adult Leydig cells secrete testosterone, and androstenedione produced by fetal Leydig cells is converted to testosterone by fetal Sertoli cells Shima et al., 2013) . INSL3 secreted by fetal Leydig cells acts on relaxin/insulin-like family peptide receptor 2 (RXFP2) in the gubernaculum and induces the gubernacular swelling reaction (Bay & Andersson, 2011; Hutson, Li, Southwell, Newgreen, & Cousinery, 2015; Ivell & Anand-Ivell, 2009; Mamoulakis, Antypas, Sofras, Takenaka, & Sofikitis, 2015) , which mediates the transabdominal phase of testicular descent. AMPKα1 knockout mice showed Leydig cell hypertrophy and increased testosterone production (Tartarin et al., 2012) . Additionally, activated AMPK inhibits steroidogenesis in MA-10 cells (Abdou, Bergeron, & Tremblay, 2014) . Thus, we assessed whether activated AMPK also inhibits INSL3 production in MA-10 cells.
AMPK activation with AICAR suppressed INSL3 expression, as detected by IF (Figure 4a ). AICAR induced INSL3 cytoplasmic aggregation (Figure 4a ). IF analyses using LAMP2 and LysoTracker staining did not show co-localization of the INSL3 aggregates with lysosomes (Figure 4b ), suggesting a process distinct from nonselective autophagy (Mizushima & Komatsu, 2011) . INSL3 is synthesized in a pro-form (pro-INSL3) with a signal peptide, B-domain, C (connecting)-domain, and A-domain. Mature INSL3 is presumed to be an A-B heterodimer linked by cysteine bonds, which is produced by post-translational excision of the C-domain. Immunoblots for INSL3 identify only the 14-18 kDa pro-form, probably because of the poor separation of the small A-B heterodimer (ca. 6 kDa) on Western blots (Ivell & Anand-Ivell, 2009 ).
Immunoblotting showed comparable levels of the pro-form on AMPK activation and inhibition (Supporting information Figure S5a ), suggesting that AMPK regulates INSL3 maturation or the stability of mature INSL3. These results raised the possibility that enhanced AMPK signaling on FEAT knockdown downregulates INSL3 expression in MA-10 cells.
| FEAT knockdown decreases INSL3
IF studies showed that FEAT knockdown markedly decreased INSL3 expression in MA-10 cells ( Figure 5 ). INSL3 cytoplasmic aggregation was also observed (Supporting information Figure S6a ), which did not co-localize with lysosomes (Supporting information Figure S6b) . The shape and structure of the aggregates were distinct from the Golgi apparatus (Supporting information Figure S6c ). Immunoblotting showed comparable levels of the pro-form after FEAT depletion (Supporting information Figure S5b) .
We next assessed whether FEAT knockdown decreased INSL3 expression through AMPK activation. INSL3 was primarily nuclear localized following AMPK inhibition with dorsomorphin (Supporting information Figure S7 ). FEAT depletion failed to decrease INSL3 (Supporting information Figure S7 ) or its pro-forms (Supporting information Figure  S5c ) in MA-10 cells in the presence of dorsomorphin. Taken together, these findings suggested that FEAT upregulates INSL3 expression, at least in part, by suppressing AMPK signaling in Leydig cells.
| Intraabdominal cryptorchidism in the
Mettl13
+/− mouse
To delineate FEAT functions in normal tissues, we attempted to produce Mettl13 (FEAT)-deficient mice (Supporting information Figure S8a ). However, among 440 male and 393 female mice born, only two male mice had agouti coats, one of which was heterozygous for Mettl13 (Supporting information Figure S8b ,c). The Mettl13 +/− mouse was infertile and had female-like internal genitalia, despite the presence of seminal vesicles (Figure 6a ). Hematoxylin and eosin (H&E)-stained sections showed defects in spermatogenesis and Leydig cell hyperplasia (Figure 6b , left upper panel). PCR of genomic DNA showed the presence of the Sry gene, showing genetic male sex (Supporting information Figure S8b ). These results suggested that deleting one Mettl13 allele caused bilateral intraabdominal cryptorchidism with marked defects in spermatogenesis. INSL3 is essential for testicular descent (Hutson et al., 2015; Mamoulakis et al., 2015) , especially during the transabdominal phase, and Insl3-deficient mice develop intraabdominal cryptorchidism (Nef & Parada, 1999; Zimmermann et al., 1999 . Testicular temperatures are maintained at 2-4°C lower than core body temperature to enable optimal spermatogenesis (Durairajanayagam, Agarwal, & Ong, 2015) . Oxygen supply to the testis is poor because of low blood pressure in testicular arteries and higher hemoglobin affinity for oxygen at scrotal temperatures (Mamoulakis et al., 2015) . As AMPK upregulates thermogenesis (van Dam, Kooijman, Schilperoort, Rensen, & Boon, 2015) , FEAT-mediated AMPK suppression may contribute to thermoregulation by preventing AMPK activation in Leydig cells due to reduced metabolism at lower temperatures.
We found that activated AMPK inhibits INSL3 production in MA-10 cells. INSL3 is a marker of the functional state of testicular Leydig cells (Bay & Andersson, 2011) . One can envision the possibility that suppressing INSL3 levels might signal the poor energy status of Leydig cells to other cell types. For example, if vascular compromise occurs during the transabdominal phase of testicular descent, AMPK may be activated, suppressing INSL3 production, thereby halting the gubernacular swelling reaction and temporarily releasing traction on the testis. Such a mechanism might be beneficial for successful descent of healthy testis.
INSL3 protein was diminished after FEAT depletion, and this diminution was attenuated by inhibiting AMPK. Decreased INSL3 mRNA has not been reported following AMPK activation in MA-10 cells (Abdou et al., 2014) . Immunoblotting showed that neither FEAT nor AMPK signaling modulated levels of INSL3 pro-form. FEAT knockdown and AMPK activation induced cytoplasmic INSL3 protein aggregates with shapes and distributions distinct from the Golgi apparatus; these aggregates did not co-localize with lysosomes either. Distinct subcellular structures have been described in Leydig cells, such as Reinke crystals (Mesa et al., 2015) , suggesting unique mechanisms of modulating protein and organelle distribution (Komatsu, Yamamoto, Atoji, Tsubota, & Suzuki, 1997) , including endoplasmic reticulum (ER)-derived vesicles containing INSL3. Although FEAT depletion did not induce nonselective autophagy, INSL3 may be destroyed by more selective processes such as the ER-associated degradation (ERAD) pathways (Wang & Kaufman, 2016) and selective autophagy of ER (ER-phagy or reticulophagy) (Anding & Baehrecke, 2017) . It has been reported that primary cilia formation in Leydig cells is negatively correlated with INSL3 expression (Nygaard et al., 2015) , raising the possibility that cilia downregulate INSL3. We thus postulate that mature INSL3 is compartmentalized and degraded upon FEAT depletion, most likely through cilia-induced AMPK activation.
Fine-tuning cell signaling and metabolic states according to environmental changes is essential for the normal tissue development and homeostasis. FEAT may enable testis migration by inhibiting the AMPK-induced reduction in INSL3 secretion from Leydig cells even in unfavorable nutritional conditions during transabdominal testicular descent. Further (Hutson et al., 2015; Mamoulakis et al., 2015) .
INSL3 protein expression was diminished but not abolished in adult Leydig cells from the Mettl13 +/− mouse.
Intraabdominal cryptorchidism in the mouse may reflect more prominent defects in INSL3 production by fetal Leydig cells. The Mettl13 +/− mouse showed male genitalia and sexual behavior, suggesting normal actions of testosterone. However, it remains to be investigated whether testosterone production is impaired in Mettl13 −/− Leydig cells.
Efforts are underway to produce conditional knockout mice to overcome the fertility problems in chimeric mice derived from Mettl13 +/− ES cells. Unambiguous delineation of FEAT functions in fetal Leydig cells awaits a more rigorous evaluation using conditional knockout mice. Mutations in INSL3 or its receptor are uncommon in humans with cryptorchidism (Foresta, Zuccarello, Garolla, & Ferlin, 2008 
| EXPERIMENTAL PROCEDURES
| Cell culture
MA-10 and I-10 cells were kindly provided by Dr. Morohashi (Department of Molecular Biology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan). MA-10 cells were cultured in RPMI-1640 (4.5 g/L glucose) with L-glutamine, phenol red, HEPES, and sodium pyruvate (Wako, Osaka, Japan) containing 15% horse serum (Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin (Nacalai Tesque, Kyoto, Japan) at 37°C with 5% CO 2 . I-10 cells were cultured in Ham's F-12/Dulbecco's modified Eagle's medium with l-glutamine, phenol red, HEPES, and sodium pyruvate (Wako) containing 15% horse serum, 2.5% fetal bovine serum, and 1% penicillin/streptomycin at 37°C with 5% CO 2 . HeLa cells were cultured as previously described (Li et al., 2016) .
| Reagents
5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) and dorsomorphin (compound C) were purchased from Cayman Chemical (Ann Arbor, MI, USA); rapamycin was from Santa Cruz Biotechnology (Dallas, TX, USA).
| Antibodies
The following antibodies were used: rabbit polyclonal antibodies against mouse FEAT (Li et al., 2016) , human FEATΔN (Takahashi et al., 2011) 
| IHC
Tissue arrays (BN501 and FDA994) were purchased from US Biomax (Rockville, MD, USA). IHC staining (Takahashi et al., 2011) and image acquisition (Li et al., 2016) were carried out as described previously.
| IF staining
IF analyses of mouse testis were carried out as previously described (Shima et al., 2015) . MA-10 cells that had adhered to 35-mm glass bottle dishes (Matsunami Glass, Osaka, Japan) were fixed for 10 min with 4% paraformaldehyde in phosphate buffer (Wako). Permeabilization, blocking, and incubation with primary and secondary antibodies were carried out as previously described (Takahashi et al., 2011 
| Immunoblotting
Immunoblotting was carried out as described previously (Li et al., 2016) .
| RNA interference
Cells were transfected with Silencer Select predesigned siRNA against mouse Mettl13 (s89701, s89702, and s89703) or Silencer Select Negative Control No. 1 siRNA (Thermo Fisher Scientific) using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer's instructions.
| Flow cytometric analysis of cell death
Cell death was quantified by staining cells with Annexin V-FITC Apoptosis Detection Kit (Nacalai Tesque) and analyzing the cells with a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
| Immunoprecipitation
All steps were carried out at 4°C. Cells were lysed with TNE buffer (10 mM Tris-HCl (pH 7.8), 150 mM NaCl, 1% NP-40, and 1 mM ethylenediaminetetraacetic acid (EDTA)) supplemented with cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche, Sigma-Aldrich) for 15 min and centrifuged at 20,800 × g for 15 min. ImmunoCruz IP/WB Optima B and C Systems (Santa Cruz Biotechnology) were used to immunoprecipitate proteins from the cell lysate and detect them by immunoblotting.
| Proximity ligation assay
Cells attached to 35-mm glass bottle dishes were analyzed using Duolink In Situ Red Starter Kit (Olink Bioscience, Sigma-Aldrich) according to the manufacturer's instructions.
| Generation and analysis of the
Mettl13 +/− mouse
Mouse experiments were approved by the Committee on the Ethics of Animal Experiments in the Graduate School of Medical Sciences, Kyushu University, and carried out in accordance with national and institutional guidelines for animal use in research.
The Mettl13 +/− mouse was generated as previously described (Sasaki et al., 2011) . The targeting vector (Supporting information Figure S8a ) was constructed and electroporated into E14K embryonic stem cells. Cells were selected with 0.3 mg/ml G418 (Nacalai Tesque) and screened by genomic PCR using Ex Taq DNA polymerase (Takara Bio., Shiga, Japan) and primers: forward, 5′-CTGCCCAATCACGAGACCTCTTACC-3′ and 5′-GGGTTTCTAGCTGAGACTCCTGCTC-3′; and reverse, 5′-AGCTCATTCCTCCCACTCATG-3′. Homologous recombinants were confirmed by Southern blotting using TurboBlotter (GE Healthcare) according to the manufacturer's instructions. A 5′-flanking probe (Supporting information Figure S8a ) and a neo-specific probe were labeled with dCTP using the BcaBEST Labeling Kit (Takara Bio.), cleaned with Performa spin columns (EdgeBio, San Jose, CA, USA), and detected with a BAS-2500 Bio-imaging Analyzer (FUJIFILM, Tokyo, Japan). Standard procedures regarding blastocyst collection, ES cell injection, uterine transfer of injected blastocysts, and mating of chimeric mice with C57BL/6 were carried out by the Laboratory of Embryonic and Genetic Engineering and the Laboratory of Technology, Medical Institute of Bioregulation, Kyushu University. Genomic PCR using DNA isolated from tail tips was carried out to detect the wild-type Mettl13 allele (primers, 5′-TATGACTGTCAGCTGTTTGC-3′ and 5′-TGGGACATTTA CTCTCCAAG-3′), the neo-containing Mettl13 allele (primers, 5′-GCCAGTCATATCTGGGCTCCATCTC-3′ and 5′-AGCT CATTCCTCCCACTCATG-3′), and Sry (primers, 5′-TGAC TGGGATGCAGTAGTTC-3′ and 5′-TGTGCTAGAGAGA AACCCTG-3′) using Ex Taq DNA polymerase. Southern blotting was carried out using DIG High Prime Labeling and Detection Starter Kit II (Roche, Sigma-Aldrich).
Mouse organs were fixed as previously described (Takahashi et al., 2011) . Fixed tissues were dehydrated, paraffin-embedded, sectioned, deparaffinized, rehydrated, and stained with H&E by the Laboratory of Technology, Medical Institute of Bioregulation, Kyushu University.
| Statistical analysis
Statistical analyses were carried out using the Statcel4 add-in package (OMS Publishing, Tokorozawa, Japan) for Microsoft Excel.
